Abstract: Loss of integrity of the blood-brain barrier (BBB) in stroke victims initiates a devastating cascade of events including extravasation of blood-borne molecules, water, and inflammatory cells deep into brain parenchyma. Thus, it is important to identify mechanisms by which BBB integrity can be maintained in the face of ischemic injury in experimental stroke. We previously demonstrated that the phylogenetically conserved small heat shock protein 27 (HSP27) protects against transient middle cerebral artery occlusion (tMCAO). Here we show that HSP27 transgenic overexpression also maintains the integrity of the BBB in mice subjected to tMCAO. Extravasation of endogenous IgG antibodies and exogenous FITC-albumin into the brain following tMCAO was reduced in transgenic mice, as was total brain water content. HSP27 overexpression abolished the appearance of TUNEL-positive profiles in microvessel walls. Transgenics also exhibited less loss of microvessel proteins following tMCAO. Notably, primary endothelial cell cultures were rescued from oxygen-glucose deprivation (OGD) by lentiviral HSP27 overexpression according to four viability assays, supporting a direct effect on this cell type. Finally, HSP27 overexpression reduced the appearance of neutrophils in the brain and inhibited the secretion of five cytokines. These findings reveal a novel role for HSP27 in attenuating ischemia/reperfusion injury -the maintenance of BBB integrity. Endogenous upregulation of HSP27 after ischemia in wild-type animals may exert similar protective functions and warrants further investigation. Exogenous enhancement of HSP27 by rational drug design may lead to future therapies against a host of injuries, including but not limited to a harmful breach in brain vasculature.
INTRODUCTION
Heat shock proteins are highly evolutionarily conserved because of their critical importance during cellular stress. Heat shock denatures vulnerable proteins that must then be refolded or degraded for the cell to remain viable. In order to achieve these naturally protective functions, multiple heat shock proteins are rapidly synthesized by stressed cells. Of these proteins, heat shock protein 70 (HSP70) has been studied the most and found to help battle apoptosis, refold misfolded proteins, and chaperone unwanted proteins towards degradation [1, 2] . The more recently discovered HSP27 has similarly manifold functions. For example, HSP27 suppresses caspase activation [3, 4] and inhibits integrity following stroke is a critical therapeutic necessity and deserves detailed investigation.
The present study investigates the impact of HSP27 on BBB permeability. Several correlative studies already indicate that HSP27 induction can parallel a breach in vascular integrity. Although this endogenous response may be a protective mechanism against vascular injury, this has not been directly tested with HSP27 overexpression or knockdown. First, aged rats suffer from greater hemorrhageinduced injury and also have higher expression of HSP27 [17, 18] . Second, a study of lung edema reported enhanced HSP27 phosphorylation [19] . Third, preconditioning with low doses of thrombin attenuates the brain edema caused by higher doses and increases HSP27 expression within astrocytes [20, 21] . Fourth, hyperthermia also induces HSP27 in brain microvasculature and may compromise BBB integrity [22] . Fifth, cerebrovascular tone has been argued to be modulated by p38 MAPK and HSP27, although HSP27 levels were not directly manipulated in this study [23] . Finally, one study used the heat shock protein inducer geldanamycin to induce HSP27 in an ischemia model and found a reduction in edema [24] . However, geldanamycin is not specific to HSP27 as it also induces HSP70 and there is some evidence that HSP70 can reduce BBB permeability after injury. For example, systemically delivered neural precursor cells transduced with HSP70 protein can protect the BBB against ischemia and reduce the activation of matrix metalloprotease 9 [25, 26] . Others have reported that geldanamycin attenuates BBB disruption and edema following intracerebral hemorrhage, perhaps by upregulating HSP70 [27] . Despite these advances in the study of heat shock proteins and their impact on the BBB, the impact of HSP27 on BBB permeability remains to be determined. Thus, the present study tests the hypothesis that the BBB is protected by transgenic HSP27 overexpression in an experimental stroke model.
MATERIALS AND METHODS

Animals and Surgeries
All efforts were made to minimize animal suffering. Experimental protocols were approved by the University of Pittsburgh Institutional Animal Care and Use Committee and carried out in adherence with the NIH Guide for the Care and Use of Laboratory Animals. Male 3-5 month old C57/B6 mice were housed at room temperature in a 12:12 light dark cycle with ad libitum access to food and water. Transgenic HSP27 overexpressors were generated as described previously [10] . Briefly, the chimeric transgene contained human HSP27 cDNA under control of the cytomegalovirus enhancer and a chicken -actin promoter within the first intron. Wild-type mice backbred from the same transgenic lines were used as controls.
For tMCAO, STAIR guidelines were followed for evaluation of stroke efficacy. The surgeon and the raters for all subsequent assays were always blinded to mouse genotype. All mice were anesthetized with 1.5% isoflurane in a 30% O 2 /68.5% N 2 O mixture under spontaneous breathing. Rectal temperature was maintained at 37.0 ± 0.5 o C with a heating pad (CMA 150, Carnegie Medicine, Sweden). A tail cuff (XBP1000 Systems, Kent Scientific Corporation, Torrington CT) was used to monitor blood pressure. A monofilament nylon suture was inserted into external carotid for 60 min as previously described [28] . Sham animals were subjected to the same surgery with the exception of tMCAO. Only 4 wild type and 2 transgenic mice died between 24 and 72 h after tMCAO.
Regional cerebral blood flow (rCBF) was monitored by laser Doppler flowmetry (PeriFlux system 5000, Perimed, Stockholm, Sweden) as described previously [28] . In addition, the laser speckle technique was used for twodimensional microcirculation imaging [29, 30] . Briefly, a laser diode (785 nm) illuminated the skull surface while a CCD camera (PeriCam PSI System, Perimed, Jarfalla, Sweden) was positioned above the head. Speckle contrast is defined as the ratio of the standard deviation of pixel intensity to mean pixel intensity. This measures CBF as derived from speckle visibility relative to the velocity of the light-scattering particles in blood. CBF was converted to correlation time values. These values are inversely proportional to mean blood velocity.
Neurological Score Assessments
Neurological scores were calculated with the same scoring scheme as described by Dimitrijevic and colleagues [31] -0: no visible neurological deficits; 1, forelimb flexion; 2, contralateral forelimb grips weakly (the rater pulls the tail gently while the animal is on a padded surface); 3, circling to the paretic side only when pulled by the tail (the animal is allowed to move freely); and 4, spontaneous circling. Thus, "0" was the best neurological score (least deficits) and "4" was the worst neurological score (greatest deficits).
Infarct Volume
At 24 h after reperfusion following tMCAO, mice were sacrificed with CO 2 and brains removed. The forebrain was sliced into seven 1 mm thick coronal sections and stained with 3% 2,3,5-triphenyltetrazolium (TTC, Sigma-Aldrich, St. Louis MO). An MCID image analysis system (Imaging Research, G.E. Healthcare Biosciences, Pittsburgh PA) was used to calculate infarct volume with and without correction for brain edema [28] . A separate cohort of animals was sacrificed at 96 h after tMCAO and perfused with saline and 4% paraformaldehyde. These brains were cryoprotected and sliced into 25 μm coronal sections for microtubule associated protein 2 (MAP2) immunofluorescent staining (see below).
BBB Disruption
For measurements of BBB permeability, extravasation of mouse IgG into brain parenchyma was assessed. Mice were perfused and brains removed. Coronal brain sections were cut at 25 μm and blocked in 5% bovine serum albumin for 1 h. Sections were immunostained with biotinylated horse antimouse IgG (1:500, Vector Laboratories, Burlingame, CA), followed by incubation in streptavidin/horseradish peroxidase reagents (Vectastain Elite ABC; Vector Laboratories) and then 0.5 mg/ml diaminobenzidine with 0.05% H 2 O 2 . Seven sections encompassing the MCA territory were quantified for cross-sectional area of IgG staining. These data were summed and multiplied by the distance between sections (1 mm) to yield volume in mm 3 .
As a second measurement of BBB integrity, the blood brain transfer coefficient (Ki) for fluorescein isothiocyanate (FITC)-albumin was measured as previously described [31] . FITC-albumin was injected into the femoral vein and arterial blood was collected at 5 min intervals for 20 min to measure FITC-albumin in plasma. Mice were then decapitated and hemispheres weighed. Brains were homogenized in 50 mmol/L Tris buffer and centrifuged at 3000 rpm for 30 min. Methanol was added to the supernatant at a ratio of 1:1 and the mixture centrifuged. The Ki was assessed according to the equation: Ki=(C br -V o C bt )/ C pl dt, where C br is the concentration of FITC-albumin in brain at decapitation (ng/g), C bl is the concentration of FITC-albumin (ng/mL) in the final blood sample, V o is regional blood volume (mL/g), and C pl dt is the integral of the arterial concentration of FITC-albumin over time t. V o was determined in separate mice decapitated 1 minute after injection of FITC-albumin.
Brain Water Content
Brains were removed from mice following euthanasia in a CO 2 chamber and weighed both while still wet and after oven-drying (100 o C) for 2 days. Water content was calculated according to the formula: (wet weight -dry weight)/wet weight 100.
Microvessel Isolation and Western blotting
Microvessels were isolated by following previously described methods [32] 3 , 10 mM glucose, 1 mM sodium pyruvate, and 1g/100 ml dextran, pH 7.4) using a Teflon homogenizer. An equal volume of 25% bovine serum albumin was used to suspend the homogenate, followed by centrifugation at 5800 g at 4 o C for 30 min. The pellet was then resuspended in 10 ml of buffer B and pushed through an 85 μm nylon mesh. The filtrate was passed over a 3 4 cm column housing 0.4 mm glass beads. A 44 μm nylon mesh was placed at the bottom of the glass beads. Beads were then washed with 400 ml of buffer B. Only microvessels adhere to the glass beads in this preparation. The glass beads were repeatedly agitated in buffer B and the supernatant decanted and spun at 500 g for 5 min. The pellet was homogenized in 600 μL of cytoskeleton-stabilizing buffer (10 mM HEPES, pH 7.4, 250 mM sucrose, 150 mM KCl, 1 mM EGTA, 3 mM MgCl 2 , protease inhibitor cocktail (Sigma-Aldrich), 1 mM Na 3 VO 4 , and 1% Triton X-100 and incubated on ice for 20 min. After centrifugation at 15,000g for 15 min at 4ºC, the supernatant (Triton-soluble fraction) was probed for HSP27 (1:1000, Abcam, Cambridge MA) by standard Western blotting with enhanced chemiluminescence detection reagents (Kirkegaard & Perry Laboratories, Gaithersberg MD).
The final pellet from the above centrifugation was further resuspended in 400 μL Laemmli buffer (Bio-Rad, Hercules CA) with 1 M urea and sonicated, as described by Wacker and colleagues [33] . Samples were then supplemented with 20 μL mercaptoethanol, incubated at 95ºC for 10 min and allowed to cool to room temperature, followed by a 10 min centrifugation at 15,000g. The supernatant (now the Tritoninsoluble fraction) was also subjected to Western immunoblotting with the following antibodies: HSP27 (1:1000, Abcam), occludin (1:500, Invitrogen, Life Technologies, Carlsbad CA), VE-cadherin (1:500, Abcam), zonula occludens-1 (ZO-1; 1:250, Abcam), and claudin-5 (1:500, EMD Millipore, Billerica MA). The optical density of bands was quantified in Image J (NIH Image, Bethesda MD).
Immunofluorescent Staining
For MAP2 staining of neurons and myeloperoxidase (MPO) staining of neutrophils, we used standard immunofluorescence with anti-MAP2 (1:200, Santa Cruz Antibodies H-300, Santa Cruz CA) and anti-MPO (1:150, Abcam). Primary antibodies were incubated at 4 o C overnight followed by incubation with fluorescent secondary antibodies (1:500, Jackson ImmunoResearch, West Grove PA) for 1 h. Images were captured with a Nikon TE2000 fluorescent microscope (Nikon Instruments, Melville NY). MPO positive profiles in the MCA territory were counted in 6 random fields/section at 200 magnification on 3 sections/ animal.
Lectin and Terminal Deoxynucleotidyl TransferaseMediated Biotinylated dUTP Nick End Labeling (TUNEL) Staining
Cerebral vessels were identified by transcardial administration (5 min before euthanasia) of biotinylatedlycopersicon esculentum lectin (tomato lectin, 1.25 mg/kg; Vector Laboratories), which labels endothelial cells in perfused vessels, as described by Chu and colleagues [34] . Lectin staining was visualized with fluorescent streptavidin (1:1000, Vector Laboratories).
The Klenow fragment of DNA polymerase I-mediated nick end-labeling technique (a modified TUNEL) was performed to visualize apoptotic profiles as described previously [35] . Sections were incubated in a moist air chamber at 37°C for 1 h in a labeling mixture containing 10 μM each of dGTP, dCTP, and dTTP; biotinylated dATP; and 100 U/ml E. coli Klenow fragment (GibcoBRL, Life Technologies) in a 1 reaction buffer (50 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 50 mM NaCl). The biotinylated dUTP 3'-OH DNA end-label was detected by incubation for 30 min in Streptavidin-Cy3 (Sigma-Aldrich). Double-label immunofluorescence for lectin and TUNEL was visualized with confocal microscopy (Olympus Fluoview FV1000, Olympus, Center Valley PA).
Proteomic Array Analysis
The ChemiArray TM Mouse Antibody Arrays kit (Chemicon, Temecula CA) was used for proteomic cytokine analysis according to manufacturer's instructions. Blocking buffer was added to each membrane for 30 min. The membrane was then exposed to brain protein samples for 1.5 h. This was followed by washes and incubation with biotinconjugated anti-cytokine primary antibodies for 1.5 h at room temperature. The membrane was washed again and incubated with HRP-conjugated streptavidin for 2 h. Signal was detected with a chemiluminescence imaging system and signal intensity was quantified by densitometry with MCID. For specificity validation, three pairs of positive controls and two pairs of negative controls are included with each array.
Primary Endothelial Cultures and Oxygen-Glucose Deprivation (OGD)
Primary human brain microvascular endothelial cells were purchased from Cell Systems (Cat. No. ACBRI 376 V, Kirkland WA). These endothelial cells were initiated by elutriation of dispase dissociated cortical tissue. We grew the cells in Clonetics EGM2-MV media (CC-3202, Lonza, Walkersville MD) and discarded them after passage 8.
To mimic ischemia in vitro, medium was replaced with glucose-free medium and cultures were placed in an airtight chamber (Billups-Rothenberg, Del Mar CA) that was flushed with 95% argon and 5% CO 2 gas for 5 min and sealed. Cells were incubated at 37 o C for 120 min in these OGD conditions before returning them to 95% air and 5% CO 2 .
Lentiviral HSP27 Constructs
Lentiviral vectors overexpressing rat full-length HSP27 were constructed as described previously [11] . The hemagglutinin (HA) tagged cDNA was inserted into the lentiviral transfer vector FSW under the control of phosphoglycerate kinase (PGK) promoter. A plasmid mixture containing 435 μg of pCMV R8.9 (packaging construct), 237 μg of pVSVG (envelope plasmid) and 675 μg of FSW (transfer vector) was suspended in 34.2 ml of CaCl 2 (250 mM) and co-transfected into human kidney 293 FT cells. The supernatant was collected 72 h after transfection, filtered through a 0.45 μm filter flask and centrifuged at 21,000 rpm for 2 h using an SW28 rotor (Beckman Coulter, Indianapolis IN). Viruses were further purified by sucrose gradient ultracentrifugation.
Lentiviral transfections were performed 3 days prior to exposure to OGD as described above. Viability assays were performed 24 h after OGD (see below). Infections were visualized by fixing cells in 4% paraformaldehyde, staining with anti-HA (1:500, Santa Cruz Biotechnology CA), anticleaved caspase-3 (Asp175) rabbit monoclonal antibody (1:200, Cell Signaling, MA), and the DAPI counterstain. Additionally, Western immunoblotting was used to ensure expression of HSP27 and the HA tag in infected lysates with antibodies against HSP27 (1:1000, Abcam) and HA (1:1000, Santa Cruz Biotechnology) as described above.
Endothelial Cell Viability Assays
Viability was assessed using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay for mitochondrial activity and the lactate dehydrogenase assay (LDH, Sigma-Aldrich) for loss of membrane integrity. Cells were treated with 0.5 mg/ml MTT for 1 h at 37 o C, followed by addition of 100 μL dimethyl sulfoxide. Absorbance was measured at 570 nm over the course of 5 min. The LDH assay was performed according to manufacturer's instructions.
Tetramethylrhodamine Methyl Ester (TMRM) Fluorescent Assay
TMRM was used as a cationic, mitochondrial selective probe for the mitochondrial membrane potential deltapsi. The mitochondrial membrane potential MitoPT™ kit (AbD Serotec, Raleigh NC) was used according to manufacturer's instructions. TMRM accumulates only in mitochondria and signal falls when deltapsi collapses. Fluorescence was measured on a plate reader at excitation 510-560 nm and emission 570-620 nm.
Caspase-3 Activity Assay
Caspase-3-like activity was measured using fluorogenic substrates Ac-DEVD-AFC, as described previously [36, 37] . Briefly, 100 μg of extracted protein was incubated for 1 h at 37 o C with a buffer containing 25 mmol/L HEPES (pH 7.5), 10% sucrose, 0. 
Statistical Analyses
Data are expressed as the mean and S.E.M. and were analyzed by ANOVA followed by post hoc Bonferroni/Dunn tests. The difference in means between 2 groups was assessed by the two-tailed t test. For in vitro primary endothelial cultures, data are presented as the average of at least 3 independent experiments. Differences were deemed significant at p 0.05.
RESULTS
Our findings support the hypothesis that HSP27 protects the BBB from ischemia/reperfusion injury. Transgenic animals exhibited reduced extravasation of water, bloodborne molecules, and inflammatory cells into brain parenchyma. Microvessel proteins were protected from ischemic injury and apoptosis in cells along microvessel walls was almost completely abolished in transgenics. HSP27 also protected primary endothelial cells from an in vitro model of ischemia. Finally, the release of several inflammatory cytokines was ameliorated by HSP27 overexpression. As a whole, the present findings thus suggest a new role for the small HSP27 stress protein.
Reduction in Infarct Volume and Behavioral Deficits
In order to verify that HSP27 is protective against ischemic injury, infarct volumes were measured following induction of tMCAO in wild-type and HSP27 overexpressors. Animals were sacrificed at 24 h and 96 h after tMCAO and brain sections were stained with TTC (24 h group) and the neuronal phenotypic marker MAP2 (96 h group). These two independent assays revealed a significantly smaller infarct size in transgenic mice at both timepoints (Fig. 1A) . Measurements of the region of loss of TTC and MAP2 staining are illustrated in Fig. (1B) . This is a direct measurement of infarct volume and may be subject to edema and swelling in the affected zone. Fig. (1C) illustrates an indirect measurement of infarct volume that is less subject to the impact of edema and swelling because it reports the size of healthy, TTC and MAP2-positive regions in the ipsilateral hemisphere subtracted from the total size of the contralateral hemisphere. This latter indirect measurement reduces the impact of brain swelling and edema on volumetric measurements because the majority of swelling occurs in MAP2 and TTCnegative zones. Both direct and indirect types of quantification replicate our previous findings that HSP27 reduces infarct volume after tMCAO [10, 11] .
Transgene expression might be argued to affect the vascular system so that transgenics may not receive the same ischemic injury as control mice. In order to ensure that the reduction in infarct volume was not confounded by alterations in blood flow, we measured rCBF by laser Doppler 15 min and 45 min following initiation of tMCAO and 15 min after reperfusion (Fig. 1D) . No difference in blood flow was detected, suggesting that both groups were indeed exposed to the same insult. This was also supported by directly measuring the ischemic area with twodimensional laser speckle (Fig. 1E) . Again, no difference between transgenics and wild-type animals could be detected either in the ischemic core or penumbra. Thus, the protection against tMCAO in transgenic animals was not likely to result from differences in the initial ischemic stimulus per se. Fig. (1) . HSP27 reduces infarct volume and behavioral deficits following ischemic injury. A: TTC staining at 24 h and MAP2 staining at 96 h following transient middle cerebral artery occlusion (tMCAO) in HSP27 overexpressing transgenics (Tg) versus wild-type animals (Wt). Two rostrocaudal levels through the striatum and cortex are illustrated for each stain. B: Infarct volumes were estimated by summing the area of loss of TTC staining at 24 h after tMCAO and the area of loss of MAP2 staining at 96 h after tMCAO. N = 9 mice/group. C: The volume of the infarct was also indirectly measured by measuring the MAP2 and TTC-positive region in the ipsilateral hemisphere and subtracting it from the size of the contralateral hemisphere. This reduces the impact of brain swelling and edema on infarct volume measurements by only measuring relatively healthy, non-edematous tissue. Infarct volumes as measured directly and indirectly in B and C were significantly reduced in transgenics. N = 9 mice/group. D: Regional cerebral blood blow (rCBF) in the cortex was measured by laser Doppler 15 min and 45 min following initiation of tMCAO and 15 min into reperfusion (Rep). rCBF was not impacted by transgene expression. N = 6 mice/group. n.s. implies no significant difference. E: Ischemic area was measured by laser speckle and was not affected by transgene expression in either the core (0-20% residual CBF) or the penumbra (20-30% residual CBF) of the infarct. N = 6 mice/group. F: Neurological scores were evaluated as deficits in behavior (greater score = higher deficits). Scores were reduced in transgenics at both 24 h and 96 h following tMCAO. N = 9 mice/group. * p 0.05 or ** p 0.01 for comparison of HSP27 transgenics versus wild-type animals. 
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We have previously shown that HSP27 reduces the behavioral deficits elicited by tMCAO [10, 11] . In those studies, transgenics performed better on the Rotarod, foot fault, and Morris water maze tests. In the present study, we calculated neurological scores. At both 1 and 4 days after tMCAO, protection against neurological deficits was apparent in transgenics (Fig. 1F) . Notably, the protection was more striking at day 4, supporting the notion that the effect was not going to wane over time.
Impact on BBB Permeability and Brain Water Content
Following the verification of HSP27-induced protection, we tested the hypothesis that BBB permeability was reduced in transgenics exposed to tMCAO. First, we measured IgG extravasation into brain parenchyma by directly staining for mouse IgG immunoreactivity (Fig. 2A) . The surface areas of IgG infiltration from 7 sections are summed to reveal total IgG-staining volume in Fig. 2B . Individual surface areas of IgG staining in each of the 7 coronal sections are also illustrated to capture the rostrocaudal extent of vascular protection (Fig. 2C) . Both types of data reveal a significant reduction in IgG extravasation into brain parenchyma in transgenics.
As a second means of quantifying loss of BBB integrity we perfused animals with FITC-albumin. As expected from the IgG staining results, tMCAO increased the entry of FITC fluorescence into the brain in both wild-type and transgenic groups. However, transgenics had lower extravasation of FITC-albumin in both the cortex and the striatum at 24 and 96 h post-ischemic injury (Fig. 2D) . These IgG staining and FITC-albumin results indicate that the BBB is less compromised by ischemic injury in transgenics.
Another consequence of BBB disruption after ischemia is severe brain edema. Thus, brain water content was measured by weighing brains before and after a drying period. As expected, brain water content was lessened in the transgenics at both 24 h and 96 h (Fig. 2E) . These findings suggest that HSP27 also protects against water influx into the brain.
Protection of Microvessel Integrity
Although HSP27 is predominantly an astrocytic protein, our previous studies revealed transgenic overexpression of HSP27 in neurons, astrocytes, and microvessels [10, 11] . In order to further confirm HSP27 transgene expression in microvessels, we isolated microvessels for immunoblotting. By definition, HSP27 is a stress-responsive protein, similar 
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to all other heat shock proteins [38] . Thus, one might expect tMCAO to raise HSP27 levels as an endogenous protective response. As expected, tMCAO raised HSP27 levels in wildtype mice (Fig. 3A) . HSP27 was already basally high in microvessels of transgenics and tMCAO did not raise levels beyond this. Even without an additional rise, HSP27 expression in transgenics was higher than in wild-type animals under tMCAO conditions.
In order to assess damage to microvessels, we measured levels of four proteins normally expressed in microvessels. With disruption of the BBB, these proteins can become insoluble and/or degraded. We found that occludin, ZO-1, VE-cadherin were all reduced 24 h following ischemia in wild-type animals in both the Triton-X insoluble (Fig. 3B,  C) and soluble (data not shown) fractions. There was no impact of tMCAO on claudin-5. Notably, transgenics exhibited less loss of microvessel proteins than wild-type controls.
In order to further examine microvessel integrity in situ, we perfused animals with a fluorescent lectin and stained sections for TUNEL-positive profiles. We noted an increase in TUNEL-positive, presumably apoptotic profiles 24 h after (Fig. 3D) . However, HSP27 brains exhibited far fewer TUNEL-positive profiles along microvessel walls in response to tMCAO (Fig. 3E) . Taken together, these immunoblotting and histological studies support the hypothesis that HSP27 reduces the impact of tMCAO on microvessel proteins and abolishes the rise in apoptosis in microvessel cells.
Lentiviral HSP27 Overexpression Directly Protects Primary Endothelial Cell Cultures
Primary endothelial cell cultures yield a homogenous model of capillary wall cells and are a powerful means of assaying the impact of treatments specifically on this cell population. We tested the hypothesis that infection of these cultures with a lentivirus bearing the HSP27 gene would protect endothelial cells against OGD in vitro. Fig. 4A   Fig. (4) . Lentivirus-mediated HSP27 overexpressison in primary endothelial cell cultures protects against oxygen-glucose deprivation (OGD). A: Infection of primary endothelial cells by a lenti-GFP (a-c) and a lenti-HSP27-HA (d-f) construct reveals expression of GFP (green) or the HA tag (red) in DAPI stained (blue) cells. B: Western immunoblotting for HSP27 and the HA construct in primary endothelial cells that were sham-infected or infected with lentiviral particles bearing GFP or the HSP27 gene. HSP27 and HA were only expressed in cultures infected with lenti-HSP27. C: DAPI nuclear staining (a-d) and immunostaining for active (cleaved) caspase 3 (e-h) reveal that endothelial cultures infected with lenti-HSP27 exhibited fewer condensed and fragmented nuclei and expressed less activated caspase 3 protein than control cultures subjected to OGD. D: MTT assay for mitochondrial activity in control cultures or cultures exposed to OGD following sham infection or infection with control lentiviral particles or lenti-HSP27. HSP27 infection protected endothelial cells from loss of viability in response to OGD. E: LDH release from endothelial cells through damaged membranes following OGD was also reduced by lenti-HSP27. illustrates that many endothelial cells in these cultures were successfully infected and expressed GFP or the HA tag. Furthermore, both HSP27 protein and the HA tag were highly expressed in lenti-HSP27 infected cultures in immunoblotting experiments (Fig. 4B) . Primary endothelial cultures infected with lenti-HSP27 also exhibited less nuclear condensation and expressed less activated (cleaved) caspase 3 in response to OGD than cultures infected with the control lentiviral vector (Fig. 4C) . Cell viability was measured by the MTT (Fig. 4D) and LDH assays (Fig. 4E) . Both assays revealed a loss in viability with OGD that was not affected by the control lentiviral construct. In contrast, lenti-HSP27 attenuated the loss in cell viability according to both measures. As another indicator of cellular health status, mitochondrial membrane potential was measured with TMRM fluorescence (Fig. 4F) . As expected from the MTT and LDH data, HSP27 also rescued endothelial cells from collapse of the mitochondrial membrane potential. As a final approximation of cell death pathway activation, caspase-3 activity was measured (Fig. 4G) . As expected from the immunofluorescence data in Fig. 4C , HSP27 overexpression blunted the rise in caspase-3 activity following OGD. Taken as a unit, these multiple independent assays strongly suggest that endothelial cells are protected from ischemic cell death when they express more HSP27 protein.
Blunting of the Inflammatory Response
Ischemic injury and BBB disruption are typically accompanied by neutrophil invasion of brain parenchyma. To visualize this entry, we stained brains for MPO, a neutrophil marker (Fig. 5A) . tMCAO increased the number of MPO-positive cells in wild-type animals at both 24 h and 96 h (Fig. 5B) . However, HSP27 overexpressors exhibited far fewer MPO-positive profiles. Western immunoblotting for MPO protein was also used to assess neutrophil brain invasion (Fig.  5C) . As expected from the immunohistochemical findings, tMCAO greatly increased MPO protein levels and HSP27 reduced this effect. These findings support the hypothesis that HSP27 reduces the invasion of blood-borne cells into brain parenchyma. The brain produces cytokines during ischemic injury [39, 40] . These cytokines may recruit neutrophils from the blood. Neutrophil invasion is typically accompanied by additional release of cytokines. Because neutrophil invasion following tMCAO appeared to be reduced in transgenics, we tested the hypothesis that there would also be fewer cytokines in HSP27 overexpressors. Protein arrays for 32 cytokines revealed that levels of soluble tumor necrosis factor receptor 1 (sTFNR1), granulocyte colony stimulating factor (GCSF), tissue inhibitor of metalloproteinases 1 (TIMP1), interleukin-6 (IL-6) and monocyte chemoattractant protein 1 (MCP-1) in the tMCAO brain were all reduced by HSP27. KC (melanoma growth-stimulating activity gene) levels were not significantly impacted. These findings suggest that the reduced infiltration of blood-borne cells into the transgenic brain is accompanied by a reduction in inflammatory cytokine release.
DISCUSSION
The present study expands the protective roles of HSP27 to include maintenance of BBB integrity. Although many mechanisms underlying the protection afforded by HSP27 have been identified, the present study is the first demonstration of less extravasation of blood-borne molecules and cells into brain parenchyma in HSP27 overexpressors and a concomitant reduction of water entry into brain tissue. The impact of ischemia on loss of microvessel proteins was also ameliorated in transgenics and apoptotic cell death in microvessel walls was almost completely abolished. A direct protective effect of HSP27 on endothelial cells was confirmed in primary endothelial cultures by four independent measures. Finally, neutrophil invasion into the cortex was inhibited by transgene expression, as was the production of inflammatory cytokines. Taken together, these data argue in favor of a new mechanism of action of HSP27 -protection of the BBB -in addition to its other protective roles. Whether the impact of HSP27 on the BBB is a direct effect on endothelial cells in vivo remains to be verified, as our study does not preclude an indirect effect on microvessels through HSP27 overexpression in neighboring astrocytes and neurons [10, 11] . Nonetheless, the results of these studies argue in strong favor of a protective role of HSP27 against BBB damage. In light of the importance of an intact BBB in preventing stroke complications [16, 41] , future studies on the mechanism through with HSP27 maintains endothelial cell structure are warranted, as are pharmacological studies targeting HSP27 with rational drug design.
We first verified that HSP27 overexpressors were indeed protected against the tMCAO model of stroke. Infarct volume and neurological deficits were both reduced in transgenics, as shown by us previously [10, 11] . Others have similarly noted that HSP27 overexpressors are protected against cardiac ischemia/reperfusion [42] . These changes occurred in the absence of changes to rCBF, so that the initial ischemic insult was comparable to wild-type animals. The present findings are consistent with our previous studies showing no difference in vasculature by injections of India ink/gelatin into wild-type and HSP27 overexpressors [10, 11] . Second, we showed that loss of BBB integrity following tMCAO was higher in wild-type animals, as suggested by greater IgG and FITC-albumin extravasation into the brain. Not surprisingly, the wet/dry weights of wild-type and transgenic brains both 24 and 96 h following tMCAO also suggested greater water entry into the wild-type brain. Consistent with each of these findings, three microvessel proteins, occludin, ZO-1, and VE-cadherin were more severely reduced in wild-type mice subjected to tMCAO. In support of this, transgene expression also almost completely abolished TUNEL-positive cell death along microvessel walls. Whether the TUNEL-positive cells are endothelial cells, pericytes, or astrocytes closely associated with the vessel wall remains to be determined. However, the cells appeared to be located inside the lectin-stained capillaries by confocal microscopy and not next to the vessels, supporting the hypothesis they were endothelial in nature. In addition, a direct impact of HSP27 overexpression on cultured endothelial cells subjected to OGD was confirmed by assays for the reduction of MTT, LDH release from damaged, permeable membranes, loss of mitochondrial membrane potential, and the activity of caspase 3. All four assays confirmed that HSP27 protected endothelial cells against OGD injury. The present report is thus the first demonstration of a direct protective effect of HSP27 within this specific cell type.
The precise mechanism of action of HSP27 in maintaining BBB integrity was not explored in the present investigation, but may involve several layers of control, including cytoskeletal stabilization and mitochondrial quality control. As mentioned in the introduction, HSP27 can battle the recruitment of mitochondrial apoptotic factors, prevent aggregation of misfolded proteins, and enhance proteasomal degradation. For example, HSP27 appears to interfere with cell death pathways [43] . HSP27 inhibits Bax translocation to mitochondria, thereby reducing release of cytochrome c and apoptosis-inducing factor [5, 6, 44] . Consistent with these findings, HSP27 reduced caspase activity in primary endothelial cells in response to OGD in the present study and protected against mitochondrial membrane depolarization. Other mechanisms for its protective effects may include stabilization and activation of the pro-survival kinase Akt [45, 46] or inactivation of pro-apoptotic JNK signaling [47] . We previously identified a novel role for HSP27 in inactivating the kinase domain of ASK1 [10] . The inhibition of ASK1 suppressed downstream JNK activation. In further investigations we found that phosphorylation of HSP27 by protein kinase D inhibited ASK1 signaling [11] . Another mechanism underlying the protective effects of HSP27 may include stabilization of the cytoskeleton. Stabilization of the cytoskeleton by HSP27 may occur through a chaperone function [42] , as HSP27 is thought to prevent the formation of insoluble actin aggregates [48, 49] . Notably, HSP27 is located in lamellipodia, filopodia, and growth cones in neurites of cultured dorsal root ganglion cells, where actin filaments are enriched [50] . As a cytoskeleton regulator, HSP27 appears to be fundamental for intracellular trafficking during mitophagy [51] . Furthermore, disruption of HSP27 causes mitochondrial fragmentation, dysfunctional mitochondrial respiration, and loss of ATP synthesis [52] . HSP27 also prevents amyloid-beta peptide induced alterations in mitochondrial size [53] . In support of these findings, the present study also showed protection of metabolic activity of primary endothelial cells by the MTT assay and prevention of mitochondrial depolarization, suggesting better overall mitochondrial health. Whether the effects of HSP27 on endothelial mitochondria are indirect or direct is not currently known and should be the subject of future investigations. In this respect it is notable that HSP27 associates with the mitochondrial fraction under conditions of thermotolerance [54] . Taken together, the literature reveals a fundamental impact of HSP27 on mitochondrial quality control and stabilization of the cytoskeleton. Furthermore, the inhibition of cell death signaling pathways by HSP27 is likely to occur both upstream and downstream of the mitochondrion and suggests multilayered regulation of cellular survival.
Cytokine expression is thought to correlate with ischemic injury and in some cases, exacerbates ongoing cell death [39, 40] . Chemokines attract neutrophils and monocytes from the blood into the site of tissue injury. The entry of leukocytes into the brain can be enhanced if the BBB is no longer intact at the site of injury; invading leukocytes might then release greater numbers of inflammatory mediators, resulting in a vicious cycle of chronic inflammation [55, 56] . Our data reveal a significant recruitment of MPO-positive neutrophils in wild-type mice; this invasion was ameliorated in transgenics. Not surprisingly, the central invasion of neutrophils was accompanied by significant increases in levels of 5 cytokines. Again, transgene expression reduced these inflammatory responses. Cytokines such as MCP-1, which we also measured, have been shown to disrupt the BBB, perhaps by reducing tight junction integrity [31, 57] . It remains to be determined whether HSP27 protects the BBB through the reduction in cytokines or, alternatively, whether reduced cytokine release is the consequence of reduced BBB permeability and less neutrophil invasion. Both scenarios of inflammation and BBB disruption may also coexist in wildtype animals and propel each other in a cyclical fashion, as is typical of inflammatory responses during severe injuries such as stroke.
The present report suggests that drugs that induce HSP27 may ameliorate BBB damage and should be investigated as potential treatments for stroke and perhaps even intracerebral hemorrhage. Compounds that induce HSP27 often also induce HSP70 and other classes of heat shock proteins (for example, see [24] ). As mentioned earlier, HSP70 battles cell death [1, 2] and there is some evidence that it may also protect the BBB from ischemia [25] [26] [27] . Indeed, heat shock itself helps preserve tight junction proteins in the BBB following osmotic stress [58] . Thus, simultaneous HSP27 and HSP70 induction may yield synergistic effects on neuroprotection and be highly desirable in the clinic. As heat shock proteins are all endogenously responsive to stress and often co-induced, potential synergy between them certainly deserves further study. Finally, given the protective roles of HSP27 in the brain, it is noteworthy that ischemia raises HSP27 levels on its own in this and other studies [59] [60] [61] . Interestingly, ischemia did not elicit this robust response in microvessels isolated from HSP27 transgenics. This lack of a stress response may be attributed to already high HSP27 levels in overexpressors so that there was no need for further induction. Furthermore, perhaps there was less stressinduced HSP27 in transgenics because the toxic impact of ischemia was reduced. The endogenous rise in HSP27 levels in wild-type animals following ischemic injury can be speculated to represent a natural attempt at self-protection of the BBB. Future studies inhibiting HSP27 under MCAO conditions are warranted to test the novel hypothesis that BBB damage would be exacerbated in its absence.
CONCLUSION
The present study reports a new protective role for HSP27 -the maintenance of BBB integrity in the face of ischemia/reperfusion injury. Apoptosis in microvessel walls was nearly abolished and microvessel proteins were less affected in HSP27 overexpressors. Extravasation of IgG antibodies and FITC-albumin into the brain was ameliorated, suggesting that the BBB was less disrupted in transgenics. Neutrophil invasion and inflammatory cytokine release were also dampened in transgenics. These inflammatory effects may be secondary to BBB protection and perhaps also further enhance BBB permeability. Primary endothelial cultures were rescued from OGD by HSP27, suggesting a direct protective effect on this important cell type. These data all point towards the potential therapeutic value of HSP27 enhancement in the clinic. Future investigations of pharmacological inducers and/or activators of this small heat shock protein to protect against vascular damage and edema are highly warranted, given the detrimental impact of BBB disruption in human stroke victims.
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